Trapping of microparticles finds wide applications in numerous fields. Microfluidic chips based on a dielectrophoresis (DEP) technique hold several advantages for trapping microparticles, such as fast result processing, a small amount of sample required, high spatial resolution, and high accuracy of target selection. There is an unmet need to develop DEP microfluidic chips on different substrates for different applications in a low cost, facile, and rapid way. This study develops a new facile method based on a screen-printing technique for fabrication of electrodes of DEP chips on three types of substrates (i.e. polymethylmethacrylate (PMMA), poly(ethylene terephthalate) and A4 paper). The fabricated PMMAbased DEP microfluidic chip was selected as an example and successfully used to trap and align polystyrene microparticles in a suspension and cardiac fibroblasts in a cell culture solution. The developed electrode fabrication method is compatible with different kinds of DEP substrates, which could expand the future application field of DEP microfluidic chips, including new forms of point-of care diagnostics and trapping circulating tumor cells.
Introduction
Trapping of microparticles (e.g. cells [1] , bacteria [2] , protozoa [3] , polystyrene [4] ) has found widespread applications in numerous fields, such as point-of-care diagnostics [5] , high throughput screening [6] , and drug analysis [7] . For instance, trapping of Malaria-infected red blood cells from a mixture consisting of healthy and infected cells is a very important step of preparation of blood samples for the clinical diagnosis of malaria [8] . For these applications, it is important to trap target microparticles on a testing platform to carry out detection tests with a high resolution and sensitivity. Microfluidic-based devices offer several advantages for microparticle trapping, including fast result processing, a small amount of sample required, high spatial resolution, user friendly operation, and low fabrication cost [9] [10] [11] . For example, a continuous-flow dielectrophoretic microfluidic device had been developed and applied to high throughput isolate and recover cancerous cells from blood samples [12] .
Various microfluidic platforms have been developed for trapping microparticles based on different principles, such as dielectrophoresis (DEP) [13, 14] , optical tweezers [15] , acoustic waves [16] , magnetophoresis [17] , electrical means, and mechanical filtration etc [18] . Among these, DEP, which is concerned with the force experienced on a polarizable particle when subjected to non-uniform electric field, has attracted special attention due to its high accuracy of target selection [19] , label free, simple instrumentation and scalability [20] . For instance, nanometer-sized beads and stem cells were trapped and separated from a mixture in a continuous-flow microfluidic system with a local dielectrophoretic force on multiple strip electrodes [21] . But the current DEP microfluidic devices are usually fabricated through expensive microfabrication techniques (e.g. thin-film deposition, sputtering, chemical vapor deposition [22] ), which are complicated, time-consuming and not suitable for mass production [23] . Besides, a few types of materials, such as polymethyl-methacrylate (PMMA) [24] , silicon, glass [25] , poly(dimethylsiloxane) (PDMS) [26] and paper etc [27, 28] , have been chosen as substrates of microfluidic chips to meet the demands of different applications [29, 30] . However, most existing fabrication methods are limited to certain substrate materials, rather than being adaptable. Further, disposable DEP microfluidic devices are preferred due to the potential issue of electrode damage and sample contamination as induced by the electrolyte electrolysis process on the electrode surface in the DEP procedure [31] . Therefore, it is important to develop a low cost, facile, and rapid method to fabricate disposable DEP microfluidic chips with different substrates for different applications.
The screen-printing technique is a common technique for fabrication of electrodes on various substrates with the advantages of fast processing, low fabrication cost, and high throughput [32] , all of which make it suitable for DEP electrode fabrication. However, the application of screenprinting technique in DEP electrode fabrication has not yet been widely explored. In this paper, we developed a new facile method based on the screen-printing technique for fabrication of the electrodes of DEP chips on three types of substrates, including PMMA, poly(ethylene terephthalate) (PET) and A4 paper. And the fabricated PMMA-based DEP microfluidic chip, as an example, was successfully used to trap and align polystyrene (PS) microparticles in a suspension and cardiac fibroblasts in a cell culture solution. The developed electrode fabrication method is compatible with different types of DEP substrates, which could help to enhance the possibility of particle manipulation on aforementioned materials as microfluidic chip substrates and expand the application field of DEP microfluidic chips, such as in point-of care diagnostics and trapping circulating tumor cells, in the future.
Materials and methods

Theory of DEP
In a DEP experiment, the magnitude of particle displacement is proportional to the force exerted on the particle. The relationship between frequency and applied force is given by (equation (1)):
where r is the radius of the particle, ε m is the medium permittivity, ∇ is the Del operator (gradient) on the applied electric field E. Re[K( f cm )] is the real part of the Clausius-Mossotti factor, which is given by (equation (2)). 
where ε * p and ε * m are the complex permittivities of the particle and the medium, respectively, which can be further described by (equation (3)):
where ε is the permittivity, ω is the angular frequency, j is the square root of −1 and σ is the conductivity of the particle. According to the above equations, in order to determine the permittivity and conductivity of the particle, derivation of the measurement of cell motion as a function of frequency can be used [33] .
Fabrication of DEP microfluidic chips
As shown in figure 1 , the DEP chip consists of two parts, i.e. a micro-channel covering an electrode chip. Taking a PMMAbased DEP microfluidic chip as an example, the fabrication process is described as follows. A PMMA substrate (1 mm thickness), covered with a single slice of PET film ( figure 1(a) ), was cut out by a laser cutter (Versa LASER VLS3.50) to form an integrated electrode pattern with line width of ca. 300 μm and gap width of ca. 400 μm, which was designed by Corel Draw 12 software ( figure 1(b) ). Conductive silver (Ag) ink (C1002, Acheson, USA) was screen-printed on the electrode pattern of the PET film by a brush ( figure 1(c) ). The PMMA substrate with the printed Ag ink was placed into an oven at 120 °C for 30 min to cure the Ag ink. Then, the PMMA substrate integrated with the Ag electrodes after tearing off the PET thin film ( figure 1(d) ). The final DEP microfluidic chip was formed by covering the integrated PMMA substrate with another PMMA plate, which with a central channel with area about 20 mm 2 , using a 120 μm-thickness double sided tape ( figure  1(e) ). The preparation procedures for the PET-based and the A4 paper-based DEP microfluidic chips are similar to the above procedure, except changing the substrates to PET or A4 paper, respectively.
Preparation of sample solutions
Two kinds of sample solutions were used in this work. One solution is the polystyrene bead suspension, which was prepared by diluting aqueous solutions with a specific size of PS beads (diameters of 3 μm, 5 μm or 10 μm, Aldrich-Sigma) with deionized (DI) water in volume ratios of 1:50 (6.77 × 10 27 beads ml −1 ), 1:40 (1.46 × 10 27 beads ml −1 ) and 1:20 (1.83 × 10 26 beads ml −1 ), respectively. The prepared three suspensions were ultrasonicated for 5 min to generate homogenous PS bead solutions. The other solution is the cardiac fibroblast solution, in which the cardiac fibroblasts were isolated from the heart of neonatal Sprague-Dawley rats (1-3 d-old) and the sample solution was prepared according to the following protocol. First, the heart tissues of rats were surgically removed following euthanasia. Then the heart tissues were washed with phosphate buffered saline (PBS) (pH = 7.4, Sigma-Aldrich) and minced into small pieces. Tissue digestion was performed using 0.8% collagenase type II enzyme (MP Biomedicals, Aurora, USA) solution at 37 °C with agitation. The pellets were resuspended in a cell culture medium composed of Dulbecco's Modified Eagle's medium (DMEM)/Ham F-12, 10% fetal bovine serum (FBS) and 1% antibiotic/ antimycotic (Gibco, New York, USA), and then plated for 45 min in a cell culture dish at 37 °C and 5% CO 2 . This allows preferential attachment of cardiac fibroblasts to the cell culture dish. Then, the cell culture medium containing cells (mainly cardiomyocytes) was removed and replaced with fresh cell culture medium [34] . The cardiac fibroblasts on day 2 after isolation were used for the DEP experiments, and the cell density of 10 6 cells ml −1 was calculated by a cell counting process using a Haemocytometer and Trypan blue solution.
DEP experimental setup and experimental procedure
The DEP experimental setup used in this work is shown in figure 2 , in which a fabricated DEP microfluidic chip was placed and stabilized on the stage of an inverted microscope (Olympus IX 81, Japan) using a double sided tape. Two tubes were used to connect the inlet port of the DEP chip to a syringe pump and the outlet port of the DEP chip to a reservoir.
Before the DEP experiments, the sample solutions of PS beads or cardiac fibroblasts were injected into the microchannel of the DEP microfluidic chip through the input port using a hydrostatic pump with different flow rates (0.1-0.3 mL h −1 ). During DEP experiments, an arbitrary waveform generator (ED1411, Zhongce Electronics, China) was employed to create the sinusoidal signals (20 V peak-topeak (V pp ) ac voltage, frequency range of 1 kHz-10 MHz) and deliver these signals to the Ag electrodes of the DEP microfluidic chip. Copper conductive tapes were used to connect the Ag electrodes to the clamps of the waveform generator. The movements of the PS beads and the cardiac fibroblasts were observed under microscope using the objective lens at 10 × , 20 × and 40 × magnifications under bright field, and the images and videos were captured by a camera attached to the microscope. The values of various experimental parameters, such as microparticle size, biological cell type, applied frequency value, suspension medium and applied ac voltage, were carefully selected for the DEP experiments. To avoid the appearance of sudden electrolysis of electrolyte caused by the capacitive effect during DEP experiments, the magnitude and frequency of the ac signals were slowed down gradually during the switch-off process and the phrase changing stage. After each DEP experiment, the sample solution was transferred from the DEP microfluidic chip to a collecting tube.
Results and discussion
Screen-printed Ag electrode patterns on different substrates and their conductivity and surface uniformity
In this work, we selected the conductive silver ink as the DEP electrode material based on its liquid state under room temperature, and thus being suitable for screen printing. Using our method, Ag conductive inks were screen-printed on three representative substrate materials of microfluidic chips, i.e. PMMA, PET and paper, and the obtained DEP chips with Ag electrode patterns are shown in figures 3(a)-(c) . In the figure, the Ag electrode patterns (with average width of 611 ± 17 μm and electrode gap width of 227 ± 34 μm) were uniformly formed on PMMA ( figure 3(a) ), PET ( figure 3(b) ) and A4 paper ( figure 3(c) ), respectively. It proves the feasibility of our screen-printing method for fabricating the electrode pattern of DEP chip on different substrates, which could contribute to the further combination of the DEP technique with the microfluidic chips with different substrates. However, compared to the designed electrode width (400 μm) and electrode gap (300 μm) on the PET mask mentioned above, the increase of the Ag electrode width and the decrease of the electrode gap might be due to the baking process of the Ag ink making the electrode size expand and then the gap squeeze. The surface uniformity and the conductivity of the fabricated Ag electrodes were also characterized. From the microscopic images of the Ag electrode lines on these substrates shown in figures 3(d)-(f), we observed that the Ag inks were well printed on these three substrates with uniform width and straight and obvious electrode boundary. The resistance of each fabricated Ag electrode was measured by a multimeter (UT58A, UNI-T, China) and found to be 15.02 ± 1.26 Ω cm −1 , 19.58 ± 5.13 Ω cm −1 and 16.92 ± 3.04 Ω cm −1 , respectively. Such good conductivities indicate the suitability of all substrates to be used as the electrodes of DEP microfluidic chips. Results were consistent among substrates, independent of hardness and translucency. However, compared to traditional DEP electrode fabrication techniques, such as electrochemical etching, metal deposition or photolithography, which could fabricate DEP electrodes from as small as a few hundred nanometers to less than 1 mm [35] , the size and the surface homogeneity of the electrodes fabricated by our developed screen-printing method are still larger and coarser. Further improvement of the resolution of our method is needed in the future work.
Effect of DEP on microparticle crossover frequency
We analyzed the DEP spectra with using PS beads as sample microparticles for the following particle trapping test. The where σ bulk is the bulk conductivity (negligible for polystyrene particles), r is the average radius of PS beads, and K s is the total surface conductance (composed of the contributions of the Stern layer and diffuse layer formed around the particles). According to the product information, the relative permittivity of the PS beads is 2.55. To check the function of the fabricated DEP microfluidic chip for microparticle trapping, the crossover frequencies (i.e. the change from positive DEP (p-DEP) to negative DEP (n-DEP)) of PS beads were measured by increasing the applied frequencies from lower values to higher ones. To reduce the probability of sudden electrolysis of electrolyte caused by the capacitive effect, the frequencies of ac signals were increased and decreased gradually during DEP experiments. At lower frequencies, the PS beads clearly exhibited a p-DEP effect and assembled to the positions close to the electrode. When the PS beads showed a n-DEP effect, they repelled from the electrode and assembled at the gap between electrodes. For the 3 μm-, 5 μm-and 10 μm-diameter PS beads, the crossover frequencies were 295 ± 30 kHz, 148 ± 12 kHz and 64 ± 7.1 kHz, respectively. Using the obtained crossover frequencies and equation (2), the overall conductivities of PS beads were calculated to be 1.6 × 10 −3 S m figure 4 . Considering that the cardiac fibroblasts we used have an approximately spherical shape and a diameter about 10 μm (similar to the 10 μm-diameter PS beads), we did not calculate their crossover frequency again. Since the single-shell model was used for the DEP experiments for trapping cardiac fibroblasts, the obtained crossover frequency of 10 μm-diameter PS beads was also applied for the cardiac fibroblasts to achieve the objective of cell trapping [36] .
Trapping of microparticles with different diameters using the fabricated DEP microfluidic chip
To test the performance of our fabricated DEP microfluidic chip for microparticle trapping, we selected a PMMA based DEP microfluidic chip and a suspension with 3 μm-diameter PS beads as the DEP chip and the first sample solution, respectively. The obtained DEP experimental results are shown in figure 5 . Before applying the sinusoidal signal to the DEP chip, the PS beads were homogenously and randomly distributed in the microchannel of the DEP chip ( figure 5(a) ). When applying an ac voltage of 20 V pp with a frequency of 1 MHz to the two Ag electrodes, the 3 μm-diameter PS beads started to move and were repelled under the DEP force, and finally arranged in a chain-shape along the gap between the two electrodes after 5 min ( figure 5(b) ), which indicates that the PS beads experienced a n-DEP force. The final trapping and alignment positions of these PS beads were close to the bottom electrode, which is due to the effect of the strength of the DEP force distribution leading to the alignment of PS beads at the positions of lower electrical field. After switching off the applied signals, the PS beads were released from the DEP force and spread away from the original chain ( figure  5(c) ). When applying the same sinusoidal signals as in figure 5(b) to the electrodes again, the PS beads were trapped and aligned at similar positions as the previous process ( figure  5(d) ), proving the repeatability of the fabricated DEP device for trapping the PS microparticles.
To further prove the capability of our fabricated DEP microfluidic chip to trap microparticles with bigger sizes and from mixed solution, a suspension with 5 μm-and 10 μm-diameter PS beads was used as the second sample solution. The same DEP experimental procedure was performed on the DEP microfluidic chip injected with the PS beads mixture and the obtained results are represented in figure 6 .
As shown in figures 6(b) and (d), after applying an ac voltage of 20 V pp with frequency 1 MHz to the electrodes, both the 5 μm-and 10 μm-diameter PS beads moved along a central streamline in the gap between the two electrodes, indicating that the 5 μm-and 10 μm-diameter PS beads exhibited n-DEP response in the applied frequency range. But the alignment positions of these two kinds of PS beads were in the center of the gap between two electrodes, rather than at the vicinity of the bottom electrode (as observed in figures 5(b) and (d)). It could be due to the different particle sizes and weights leading to the different polarization forces applied to the particles. The 5 μm-diameter PS beads were aligned and attached to the 10 μm-diameter PS beads. This may be due to a non-uniform electrical field generating a polarization region on the surface of the 10 μm-diameter PS beads with a larger surface area, which then attracts the smaller 5 μm-diameter beads to their surfaces.
The above DEP experimental results prove the feasibility of the fabricated DEP microfluidic chip with Ag electrodes for trapping microparticles with different sizes and from a mixture suspension. It is noted that the PS beads could also assemble on the Ag electrode surface due to a p-DEP force in our experiment. But this could not be observed under the inverted microscope due to the non-transparent Ag electrodes used in this case. In addition, the alignment of PS beads can be used to quantify the DEP force applied to the beads by assessing the light intensity change on the electrode before and after applying the signal to the DEP chip [37] .
Trapping of biological cells using the fabricated DEP microfluidic chip
To prove the feasibility of our DEP microfluidic chip for trapping biological cells, we selected cardiac fibroblasts as the target cell for the DEP experiment due to its approximately spherical shape and average cell diameter being close to 10 μm which is the average size of the day 2 cultured fibroblasts [38] . Before the DEP experiment, the cell viability and cell count were tested to ensure that the cells were alive. A cell density of 10 6 cells ml −1 in a suspension PBS medium with conductivity of 15.0 × 10 −3 S m −1 was used in the following DEP experiments. As shown in figure 7(a) , after injecting the PBS medium containing a suspension of cardiac fibroblasts to the DEP microfluidic chip, the cells distributed randomly in the microchannel of the DEP chip. After applying an ac voltage of 20 V pp with frequency of 1 MHz to the Ag electrodes, some of fibroblasts moved to assemble and aligned in a line-shape ( figure 7(b) ), proving the feasibility of our DEP microfluidic chip to trap real cell samples. The alignment of the fibroblasts is not as obvious as of the PS beads observed above (figures 5-6), which could be due to the less conductive cell culture medium and the sticking of the adhesive fibroblast cells to the platform. As shown in figure 7 , the orthogonal chain of fibroblasts happened at the edge of electrode when voltage was supplied. The alignment of fibroblasts showed that of the gradient instantaneously produced on that particular surfaces; at right angles between the two electrodes.
Moreover, the effect of the competition between the DEP force and the gravity force on the particle trapping during the DEP experiment was also considered in our study [14] . Compared to the 3 μm-and 5 μm-diameter PS beads, the setting speed of the larger microparticles, such as 10 μm-diameter PS beads and cardiac fibroblasts, to the microchannel bottom of the DEP chip was fast due to their larger densities. Therefore, we used a 20 V pp ac potential to generate a stronger DEP force in our experiment. In addition, according to previous studies [23] , when the distance between the particle and the electrode surface is larger than 30 μm, the DEP force could be too weak to affect the particles. However, even when the PS beads were over 100 μm away from the electrode surface (figures 5(b) and 6(b)), the phenomenon of the particle trapping and alignment could still be observed. This might be due to the semi-three dimensional structure of our screen-printed Ag electrodes [32] , which enhances the formation of the DEP field in the electrode gap and causes the particle polarization.
Conclusions
In summary, a facile and low cost screen-printing technique was developed and applied to fabricate silver electrodes on both solid/soft and transparent/non-transparent DEP substrates, including PMMA, PET and paper. And the fabricated DEP microfluidic chips on PMMA substrate was successfully used to trap polystyrene microparticles with different diameters, and the cardiac fibroblasts in sample solutions, proving the feasibility of the fabricated DEP microfluidic chip for both microparticles and biological cell trapping. The capability to fabricate DEP electrodes on different types of substrate could extend the potential application of DEP microfluidic devices, such as in the fields of point-of-care medicine, and clinical diagnosis. However, the size and the surface homogeneity of the electrodes fabricated by our method are still higher and coarser (respectively) than those made by the traditional DEP electrode fabrication techniques, such as electrochemical etching and metal deposition, due to the work principle and the spatial resolution limitation of the screen printing technique. Development of a screening mask with smaller size and higher resolution could contribute to improving the resolution of the screenprinting technique, therefore potentially extending the future application of screen-printing techniques for fabrication of DEP microfluidic chips.
